. Inactivation of the radiation-resistant spoilage bacterium Micrococcus radiodurans. I. Radiation inactivation rates in three meat substrates and in buffer. Appl. Microbiol. 11:398-403. 1963.-A simplified technique permitting the pipetting of raw pur6ed meats for quantitative bacteriological study is described for use in determining survival of these nonsporing bacteria, which are exceptionally resistant to radiation. Survival curves, using gamma radiation as the sterilizing agent, were determined in raw beef with four strains of Micrococcus radiodurans. Survival curves of the R1 strain in other meat substrates showed that survival was significantly greater in raw beef and raw chicken than in raw fish or in cooked beef. Resistance was lowest in the buffer. Cells grown in broth (an artificial growth medium) and resuspended in beef did not differ in resistance from cells that had been grown and irradiated in beef. Survival rate was statistically independent of the initial cell concentration, even though there appeared to be a correlation between lower death rate and lower initial cell concentrations. The initial viable count of this culture of the domesticated R1 strain in beef was reduced by a factor of about 10-5 by 3.0 megarad, and 4.0 megarad reduced the initial count by a factor of more than 10-9. Data suggest that M. radiodurans R1 is more resistant to radiation than spore-forming spoilage bacteria for which inactivation rates have been published.
A micrococcus species, which was the only viable aerobic organism isolated from spoiled canned meats previously irradiated to 2 and 3 megarep, has been previously described (Anderson, Rash, and Elliker, 1961; Raj et al., 1960) . It was shown to be highly resistant to gamma radiation (Anderson et al., 1956) and to ultraviolet light (Duggan et al., 1959) .
With any lethal agent, bacterial rate-of-destruction curves provide one of the more reliable bases for determining commercially safe sterilizing processes. The demonstrated widespread occurrence of these radiation-resistant nonsporing bacteria capable of causing spoilage. (Anderson et al., 1956 ) suggested as desirable the establishment of survival curves for the bacteria in the various products being considered for preservation by radiation.
A nonpathogenic bacterium of greater resistance to radiation than the most resistant pathogen might be of value as a process test organism in radiation preservation. Processes designed to eliminate the test organism would guarantee a commercially safe product. Comparison of survival curves would be necessary to determine the most resistant culture and to establish the "sterilizing" dose for that culture.
This paper describes the resistance of four cultures of Micrococcus radiodurans in beef. The survival curves in three meat substrates and in buffer were also determined for the most resistant culture.
MATERIALS AND METHODS
Of the four cultures studied, R, was the original microorganism isolated from irradiated meat. The coccus culture labeled U1 was isolated from unirradiated meat. A variant from the R1 culture having slightly different colony form and color, as well as a smaller cell size, was labeled R4R. A complete loss of color was noted in one of the R1 cultures after incubation in agitated broth at higher temperatures (40 to 45 C) for several days. This colorless culture did not revert to the original red color for several transfers, and only then did it assume a very light pink color. This latter strain was labeled R,.
Raw pur6ed meats that could be pipetted to allow quantitative studies of the bacteria were made by sieving powdered, freeze-dried meats through a 20-mesh screen; this sieved meat powder was reconstituted with distilled water to the following water percentages (Watt and Merrill, 1950) : beef, 62 %; halibut, 75 %; chicken, 75 %. U.S. Grade Good sirloin-tip roasts were used for the beef substrates, halibut steaks for the fish, and young frying chicken flesh for the chicken. After reconstitution, 30-g quantities of the meats were irradiated to 2 megarep (1.86 megarad) and stored until needed. Viable aerobic bacteria were undetectable after irradiation.
Resistance to ionizing radiation increases with age (Duggan et al., 1959) ; therefore, cultures which were shaker grown in 0.5 % Tryptone-0.1 % glucose-0.1 % yeast extract (TGY) broth at 34 C for 33 to 36 hr were used to establish survival curves. In the preparation of suspensions in meat, the cells were resuspended in 0.5 % saline and mixed with equal quantities of the meat so that the final product contained about 2 to 4 X 108 cells/ml. Meat mixtures were storable for several weeks at refrigerator temperature (below 10 C) with no detectable numerical loss. In the preparation of buffer suspensions, the cells necessary to produce about 2 to 5 X 108 cells/ml were resuspended in the buffer just before irradiation, since viable numbers were often found to decline rapidly in buffer. (Losses in viables of 20 to 80% were observed occasionally when buffer suspensions of cells were held 3 to 6 hr at temperatures above 10 C.) Portions of 4 to 5 ml of the various suspensions were used per sample. A single sample of each organism in each substrate was used for each dose, and two or more replicates of each condition were carried out. Triplicate samples were saved for the zero dose determination. All irradiation treatments were carried out at Dugway Proving Grounds, Dugway, Utah. The temperature of the Dugway spent-fuel rod irradiation chamber (Christensen et al., 1954) Fig. 1 . The R1 culture was the most resistant of the four cocci cultures. The curve for the R1 strain represents the average of ten replicates, and each of the others represents the average of two replicates.
Statistical analysis showed the survival rate of the R1 strain to be consistent in the several replicates, and the survival rates of the other coccoid strains to be significantly lower (Tables 1 and 2) .
Analysis showed all curves to be parallel beyond 1.0 megarad. This area of the curves was used for analysis; the portion of the curves at doses below 1.0 megarad was too variable for meaningful analysis.
The initial counts of this culture of the R1 strain in this substrate were reduced by a factor of about 10-5 by exposure to 3.0 megarad, and the U1 and R4R cultures were reduced by a factor of approximately 10-6 5. (Tables 1 and 2) indicated that the survival rates in raw beef and in raw chicken did not differ from each other. Rate of survival was lower in raw fish and in cooked beef than in the other two substrates. The survival rate was also much lower in the buffer.
Exposure to 3.0 megarad reduced the initial count of this culture by a factor of about 10-s in both raw beef and raw chicken, and approximately 10-6.5 in raw fish and cooked beef. Exposure to 2.0 megarad in buffer reduced the count by a factor of over 10-v. Analysis of variance and the analysis of regression on the log of initial numbers indicated that survival rate was independent of initial numbers (Table 3) . However, a trend suggests that rate of kill may be lower with lower cell numbers than with higher cell concentrations (Table 3 and Fig. 3 ). Several more replicates would be necessary to establish the validity of this trend.
Cells grown in broth (an artificial medium) and resuspended in beef did not differ in resistance from cells that had been grown and irradiated in the pur6ed beef (Tables  1 and 2 ).
DISCUSSION
The survival curves for four cultures of Al. radiodurans indicated that the R1 coccus was more resistant to gamma irradiation than the other three cocci cultures. No explanation is available for the present lower resistance of the U1 culture in meat. The resistance of U1 was equal to that of the R1 culture when both were irradiated earlier in TGY broth (Anderson et al., 1956 ). The R4R culture, which consists of smaller cells occurring mainly in pairs, also appeared to be more sensitive. It may be that normal strain variations can account for these differences. Strain differences have been reported for sporeformers and for vegetative cells (Hannan, 1955; Kelner et al., 1955; Niven, 1958) .
The Rw culture, which appears to produce less red pigment than the other four cultures, is the least resistant. This color difference may be of some significance in the search for mechanisms of resistance. Kilburn, Bellamy, and Terni (1958) Comparison of the resistance of the R1 culture with that of sporulating spoilage bacteria is made by listing the estimated reductions affected by various accumulated doses (Table 5 ). M. radiodurans R1 appears to be more resistant than any of the sporeformers described.
Sigmoidal survival curves have been reported for vegetative cells (Gunter and Kohn, 1956 ) and for spores (Denny et al., 1959; Morgan and Reed, 1954; Pratt et al., 1959) . The sigmoidal shape of the survival curves of these micrococci may be of importance. Since regression analysis showed these curves to be parallel beyond 1.0 megarad, it would appear that reasons for high resistance may be found in the still unexplained cause of the characteristic lag area which is found in all the survival curves.
Multihit phenomena due to multicellular or multinuclear phenomena have been suggested as being responsible for the sigmoidal nature of survival curves (Bridges and Horne, 1959) . The lag portion of sigmoidal survival curves of irradiated Sarcina lutea can be partially accounted for by packet formation (Pugsley, Oddie, and Eddy, 1935) . Clumping in these and other cells is undoubtedly involved to some extent in causing a sigmoidal shape of their survival curves. However, the sigmoidal curves found in studies with well-dispersed single-cell species, such as those obtained with the sporeformers (Duggan, Anderson, and Elliker, 1963b) when the cells and menstruum were prepared in a manner identical with those used for these radiation survival curves, indicating that the cells were probably well-dispersed in the menstruum. The degree of packet or clump formation that would be required to account for a lag of the magnitude obtained with M. radiodurans would be unrealistic. Using the method of Stapleton (Kelner et al., 1955) , about 1000 hits would be required to prevent the development of one countable colony (see "lag factor" in buffer in Table 7 ). Multicellular phenomena then would not seem to account for the separate vital structures are affected by the two lethal agents. Assuming, however, that the inactivation of some nuclear component by the lethal agents is responsible in both cases, it thus would not seem that the nuclear component is unusually stable. Therefore, some protective system or recovery (Wulff and Rupert, 1962 ) mechanism may be involved in the resistance of the organisms to radiation. The curves may be described by terms characterizing the lag and the slope of the curve beyond the lag. The lag may be described by the number of log cycles above the zero dose point where the estimated asymptote (which the tangent of the survival curve approaches) would intersect the Y ordinate. The slope might be represented by the decimal reduction dose (DRD) of the asymptote. (DRD is the reciprocal of the slope of the asymptote.) These characteristics from the curves in Fig. 1 and from data available on other organisms are estimated in Table 6 .
If these characteristics are used, the curves from which they were taken could be approximately reproduced. A graph with the initial or zero point in the center of the Y ordinate is suggested for use. The asymptote is established from the lag factor (the number of log cycles above the zero point where the asymptote crosses the Y ordinate) and the DRD. The survival curve then may be estimated by a curve approaching the asymptote from the zero point. The survival curves of the R1 culture in several substrates indicate that differences exist in resistance in different substrates. This effect has also been found to be true for other organisms (Denny et al., 1959; Hannan, 1955; Pratt et al., 1959) .
The survival curves in these diverse menstrua are characterized by the above-described lag factor and DRD in Table 7 .
Other workers have found that cell concentration had no effect on survival rate (Hannan, 1955) . But Wolin, Evans, and Niven (1957) reported a concentration effect with Pseudomonas geniculata. Koh, Morehouse, and Chandler (1956) reported apparent protective effects as the concentration of Escherichia coli increased above a certain level. High concentrations of bacteria may, by lowering the oxygen content of the menstruum, seem thereby to protect the organisms. Gunter and Kohn (1956) found that aeration of the culture maintained the sensitivity to radiation, regardless of the cell concentration.
Since analysis showed no significant difference in resistance between cultures of R1 grown in the two media, it is assumed that the data based on the use of cells grown in broth, will hold true for organisms that have grown in beef. This assumption can only be held for the R1 culture since no data were collected for the other cultures.
The R1 culture, after 3 years of domestication, appeared to be somewhat less resistant to ionizing radiation than when first isolated. The initial numbers of the newly isolated cells were shown to be reduced by a factor of 10-7 by about 4.8 X 106 rad when they were irradiated in broth (Duggan et al., 1959) .
